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Abstract 

We consider the decays of a correlated neutral-meson-antimeson state with (Im- 
parity +1. We show that there is CPT noninvariance in the mixing of the neutral 
mesons if, for any two decay modes / and g, the decay rate has a component 
Ra which is antisymmetric under the interchange of the decay times t\ and £2- In 
particular, one may cleanly extract the CPT-noninvariance parameter with the help 
of Ra by using opposite-sign dilepton events. 
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The system formed by a spin-0 flavoured neutral meson M° and its antimeson M° 
(where M may be either K, D, Bj, or B s ) is experimentally interesting for testing the 
symmetries CP, T, and CPT Jl|. We may recall that CP violation was first observed in 
the K°-K° system ||, and is now being actively searched for in the B^-B^ system H; 
there are also observations of T violation |4| and tests of CPT invariance || in the K°-K° 
system, although their interpretation remains controversial ||. 

We introduce the usual propagation eigenstates 

\M H ) = Ph \M°) + q H \M°) and \M L ) = p L \M°) - q L \M°) . (1) 

These states get multiplied by probability amplitudes exp (— iXnt) and exp (— iXit), re- 
spectively, for nonzero proper time t. Here, 

Aff = m H - ~ Y H and \ L = m L -\Y L , (2) 

where m#, rriL, Th, and Tl are real. 
Defining 



9 = qH/PH ~ QL/PL and q - = x ^, (3) 

qh/ph + qL/PL p V phPl 

one finds that both the real and the imaginary parts of 9 are in principle measurable and 
violate both CP and CPT;f] while the phase of q/p is convention-dependent and, therefore, 
unphysical. On the other hand, the magnitude of q/p is measurable and signals T and 
CP violation in the mixing when it differs from 1. 
It is convenient to define the functions 

g± (t) = \ (e- lXHt ± e- lXLt ) . (4) 

Then, the probability amplitudes a(t), b(t), a(t), and b(t) for, respectively, the transitions 
M — M. M — M. M — M. and M — M arc 0. [f 

a(t) = g + (t) - 0g_(t) , 

b(t) = ±>/T=&g-(t), 

P (5) 
a{t) = g + (t) + 6g-(t), 

P 



bit) = ^VT^g-it)- 

Q 

In the experimental study of the neutral-meson-antimeson systems it is interesting to 
use correlated meson-antimeson states of the form 

\M±) = ^ [\M°(k)) ® \M°{-k)) ± |M°(jfe)) ® \M°{-k))] , (6) 

in which one of the mesons flies in one direction (denoted by the momentum k) and the 
other one flies in the opposite direction. Indeed, the DA$NE experiment at Frascati 

*For discussions of other CPT-noninvariant observables, see for instance the recent reviews in Ref. 
and the references cited therein. 
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will use correlated states of the form \K_), while the Belle and BaBar Collaborations are 
working with states \B d _). The correlated states \M±) have C-parity ±1 and are produced 
from the decay of certain spin-1 resonances like the $ and T(AS). At e + e~ colliders, states 
of the type |M_) are preferred since the produced resonances almost always have quantum 
numbers J PC = 1 . Possible ways of experimentally producing states of the type \M+) 
have nevertheless been discussed in the literature, see for instance Ref. . 

It has recently been shown that it is difficult or even impossible to extract 9 
from experiments with states of the experimentally preferred form |M_) alone. This 
happens because, in the semileptonic decays of |M_), the effects of CPT noninvariance 
are entangled with those of violations of the AF = AQ rule — where F means flavour, i.e., 
F may be either S, C, or B. Thus, it is difficult to know whether one is really measuring 
violations of CPT invariance or one is measuring violations of that rule. For instance, 
in Ref. [O CPT invariance has been used for checking the rule AB = AQ, whereas in 



Ref. [J12] 9 has been constrained by assuming the validity of this rule. 

The purpose of this note is to show that 9 can neatly be determined by using the 
opposite-sign dilepton decays of the symmetrical correlated state |M+), which has C-parity 
+ 1. As a matter of fact, tests of CPT invariance using states |M+) do not necessarily 
require the use of any specific final states — like the semileptonic decays — and the signal 
for CPT noninvariance is independent of assumptions about the decay amplitudes to 
the particular final states that one may wish to use. However, if one wants to extract 
the actual value of the CPT-violating parameter 9, then it is better to use opposite-sign 
semileptonic decays. 

Let us consider the event in which the meson of \M + ) with momentum k decays into 
/ at time ti, while the meson with momentum —k decays into g at time t 2 . The rate of 
such an event is 

R(f,t 1 ;g,t 2 ) = l\A(f,t 1 ;g,t 2 )\ 2 , (7) 

where 



A(f, h;g,t 2 



+ 



a (U) A f + b (ti) A f \ [b (t 2 ) A g + a (t 2 ) A g ) 
b (ti) A f + a (ti) A f ] \a (t 2 ) A g + b (t 2 ) A g 



where Af is the amplitude for the decay \M°) — > |/), Af is the amplitude for |M°) 
and similarly for the decays into g. One may use Eqs. (0), together with 

9+ (ti) 9+ (t2) + g- (h) g- (h) = g+(t 1 + t 2 ), 
g+ fa) (t 2 ) + {h) g + (t 2 ) = 0_(t! + t 2 ), 

to show that the amplitude A given in Eq. (§) can be written as 

P 



\f), 



(9) 



A{f,h\g,h) 



(ti)g- (h)]A f A 9 



+1 Jx^ffi [ g _ ( tl + t2 ) + 20g_ (h) g_ (t 2 )\ A f A g 
+ \g + (ti + t 2 ) - 29 2 g„ {t x ) g^ (t 2 )] (A f A g + A f A t 



+9 [g + (tO 9- (h) - g- (t x ) g + (t 2 )] {A s A 9 



(10) 
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Notice that, when 9 = 0, the amplitude A is not only symmetric under the interchange 
t\ <r-¥ t 2 but, as a matter of fact, it is a function only of the sum t\ + t 2 0, If, however, 
the CPT-noninvariance parameter 9 is nonzero, then A is not any more a function only of 
t\ + t 2 and, indeed, it acquires a term — the one in the last line of Eq. ([10]) — antisymmetric 
under t\ <-> t 2 . Then, the decay rate can be written as the sum of a symmetric component 
Rs (f, ti, g, t 2 ) and an antisymmetric component Ra (/, t\\ g, t 2 ), 



Rs {f, h;g,t 2 ) 
Ra(I, h;g,t 2 ) 



\[R{fM\gM)+R{fM\gM)\ 

\[R{f,t x -g,t 2 ) - Rif^-gM)] 



and a nonzero Ra arises only if CPT invariance does not hold for neutral-meson mixing 
treated in the usual fashion. We conclude that, if experimentally one finds Ra ^ 0, then 
this signals the presence of CPT violation. If, on the other hand, Ra is not significantly 
different from zero, then this may allow to put a bound on 9. 

We want to stress that a measurable CPT-violating asymmetry exists for any two 
different final states f ^ g provided AfA g — AfA g ^ 0; no other assumptions about the 
amplitudes Af, A g , Af, and A g are needed — in particular, about their behaviour under 
the transformations CP, CPT, and T. 

As an illustration, let us consider the particular case of opposite-sign dilepton events 
|TJj], i.e., inclusive semileptonic decays with / = X£ + U£ and g = Xi~vg. We shall use the 
simple notation £ + for / and i~ for g. We want to show that, in this particular case, it is 
possible, at least in principle, to explicitly derive the value of 9 from the observation of 
the time dependence of Ra- Allowing for transitions which violate the AF = AQ rule, 
we introduce the rephasing-invariant quantities M 



A -j 



qA, 
P A, 



and A_ 



p A_ 
q A. 



(12) 



where A + = Ai+, A_ = A^-, and so on. As usual, we assume that the quantitities 9, A+, 
and A_, which describe 'unexpected' physics, are small, and we confine ourselves to the 
first order in these quantities. If we do this, then the amplitude A is given by 

A = A + A_ {g + (ti + t 2 ) + (A+ + A_) g- (h + t 2 ) + 9 [g + g_ (t 2 ) - (h) g + (t 2 )]} . 

(13) 

With the usual definitions Am = ran — ttil, Ar = Th — Tl, and T = (Th + Tl) /2, we 
obtain for the decay rate the results 



Rs (i 



,ti;£ ,t 2 



±\A I 2 
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A_ 



2 r 



-r H t+ + e -r L t+ + 2 e ~rt+ CQg ^ mt _ 



+ 2e 
Re (A+ + A_ 
+ 4 e" r *+ sin (Amt + ) Im (A + + A 



+2 [e' THt+ 



(14) 



and 

r a U + m-j~m 



A. 



-TtA 



x Re^ 



. , fAYt x \ . /A , . , (AY 

smh I — - — J cos {Amt 2 ) — cos (Amti) smh \ — - 



/Art 2 ^ 
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+ Im6» 



, /AHA . . . , /AR 

cosh I — - — J sin (Amt 2 ) — sin (AmtiJ cosh 



'2 



(15) 



where t + = t\ + t 2 . One may note that violations of the AF = AQ rule appear only 
in Rs, while the CPT-noninvariance parameter 9 appears only in Ra, when we take into 
account 'small' physics to first order only 

A glance at Eq. dl5|) confirms that both the real and the imaginary part of 9 can be 
determined using this method. However, in practice that determination depends on the 
values of Am and Ar. If we use M = Bj, we must set Ar « in Eq. dl5|) . Then, only Im 9 
is measurable and the time dependence is exp [— T (t 1 + t 2 )] [sin (Amti) — sin (Amt 2 )]. On 
the other hand, for M = K,f\ where Th <C Fl, we may choose t\ and t 2 such that 
ti ~ 1/Tl <C t 2 . Equation (|l5|) then yields 

i? A (£ + ,fi;r,t 2 ) ~ i|A + | 2 |A_| 2 e~ rtl " rfft2 [Re0cos(Am£i) - Im^sin (Am^)] , (16) 

which is practically independent of t 2 as long as t 2 l/T H . 

In conclusion, in this note we have discussed the possibility of using the states |M + ) 
for probing CPT invariance in the mixing of neutral mesons. We have shown that this is 
feasible for AfA g — AfA g ^ 0, because then the decay rate R(f,ti,g,t 2 ) has a compo- 
nent which is antisymmetric with respect to the interchange t\ <-> t 2 if and only if CPT 
invariance does not hold. This conclusion is independent of the final states / and g, or 
any assumptions thereon. We have, in particular, considered the case of opposite-sign 
dilepton events; then, in the decay rate the effects of CPT violation appear separated 
from the effects of violation of the AF = AQ rule. It is then possible to cleanly extract 
the CPT-noninvariance parameter 9, at least when the values of Am and Ar are not too 
unfavourable. We believe that, although experimentally it might be hard to work with 
states |M + ), the cleanness with which they probe CPT invariance might make the effort 
worthwhile. 
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